Bacterial but not mammalian DNA is immunogenic in eukaryotes, and the immunogenicity of bacterial DNA is due in part to CpG dinucleotides flanked by two 5Ј purines and two 3Ј pyrimidines.
Bacterial but not mammalian DNA is immunogenic in eukaryotes, and the immunogenicity of bacterial DNA is due in part to CpG dinucleotides flanked by two 5Ј purines and two 3Ј pyrimidines. 1) CpG oligodeoxynucleotides (CpG-ODN) activate B cells, and induce interleukin (IL)-6 and IgM secretion. 2, 3) CpG-ODN also directly activates macrophages to secrete IL-12, TNF-a and IFN-a/b. [4] [5] [6] IL-12 acts on T and NK cells inducing cytokine production, primarily IFN-g, enhancing NK cell cytotoxic activity and favoring the generation of cytotoxic CD8 ϩ T lymphocytes. Consequently, CpG-ODN could be expected to act as an adjuvant for humoral and cellular immunities. 7) Reactive oxygen species (ROS) are generally considered to be cytotoxic when produced in excess and have been implicated in the pathogenesis of a wide variety of diseases. 8) However, moderate concentrations of intracellular ROS influence gene expression, and two well-defined transcriptional factors, nuclear factor (NF)-kB and activator protein (AP)-1, have been shown to be regulated by the intracellular redox state. 8) Recently, Yi et al. 9) reported that responses of both B cell and monocyte-like cell lines to DNA containing CpG-ODN were sensitive to endosomal acidification for the production of cytokines such as IL-6, IL-12 and TNF-a. Acidification of endosomal CpG-ODN is coupled to the rapid generation of reactive oxygen species (ROS). 10) Furthermore, CpG-ODNinduced ROS has been linked to the activation of NF-kB, which induces leukocyte gene transcription and cytokine secretion. 10) However, the molecular mechanisms responsible for the immunostimulatory effects of CpG-ODN have not yet been elucidated fully.
We investigated the source of ROS generation to clarify the mechanism of macrophage activation by CpG-ODN. Macrophage activation by CpG-ODN was evaluated by measurement of IL-12 secretion. The production of IL-12 was suppressed by NADPH-oxidase inhibitors, suggesting that ROS generated by NADPH-oxidase was involved in the immunostimulatory effect of CpG-ODN. However, NADPHoxidase inhibitors did not affect the activation of NF-kB, one of the transcription factors involved in IL-12 gene expression, when macrophages were treated with CpG-ODN.
MATERIALS AND METHODS

Materials
Balb/c mice (male, 6-8 weeks old) were purchased from SLC Co., Ltd. (Shizuoka, Japan). The sequences for the CpG-ODN and the non-CpG-ODN were 5Ј-TCCAT-GACGTTCCTGATGCT-3Ј and 5Ј-TCCATGAGCTTCCT-GAGTCT-3Ј, respectively, and both HPLC-purified phosphorothioate ODNs were obtained from Amersham Pharmacia Biotech Co. (Tokyo, Japan). Apocynin and diphenylene iodium (DPI) were from Sigma Co., Ltd. (St. Louis, MO, U.S.A.).
Preparation of Mouse Peritoneal Macrophages Balb/c mice were injected intraperitoneally with 1.0 ml of 3% thioglycollate (Difco Laboratories, Detroit, MI, U.S.A.). On day 4, the peritoneal exudate cells (PEC) were obtained by peritoneal lavage with 10 ml of ice-cold Hanks' balanced salt solution (HBSS, Ca 2ϩ and Mg 2ϩ free) supplemented with 10 U/ml of heparin. PEC were washed twice and resuspended in RPMI-1640 medium supplemented with 10% fetal calf serum, and dispersed onto plastic plates. The plates were incubated in humidified 5% CO 2 at 37°C for 2 h to allow macrophage adherence and the macrophage monolayer was obtained.
IL-12 Determination Macrophages (2ϫ10 5 cells/96-well culture plate) were incubated with 2 mM of CpG-ODN or non-CpG-ODN for the indicated times and IL-12 concentrations in the culture supernatant were measured by sandwich ELISA using rat anti-mouse IL-12 monoclonal antibody (p35/p70) (clone: Red-T G297-289, PharMingen Inc.) as the capture antibody and biotinylated rat anti-mouse IL-12 monoclonal antibody (p40/p70) (PharMingen Inc.) as the detection antibody.
NF-k kB Activation (1) Western Blotting Analysis of IkBa Degradation: Macrophages (2.5ϫ10 6 /dish) were incubated with 2 mM CpG-ODN or non-CpG-ODN with or without NAC for the indicated times. After this time, macro-phages were scraped and lysed with lysis buffer (10 mM Trisbuffer, pH 7.2, 150 mM NaCl, 1% Triton X-100, 0.1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonylfluoride, 5 mM EDTA, 10 mg/ml aprotinin, 10 mg/ml leupepsin) at 4°C for 1 h. Samples (15 mg as protein) were separated by 12% SDS-PAGE, and transferred onto Immobilon P membranes (Nihon Millipore, Tokyo, Japan). The membranes were blocked in 2% BSA in PBS containing 0.1% Tween 20, and then incubated with anti-I-kB antibody (Santa Cruz Biotechnology Inc.). After washing, the membranes were incubated with peroxidase-conjugated goat anti-rabbit antibody, and specific bands were detected with an ECL assay kit (Amersham Japan, Tokyo, Japan).
(2) Electromobility Shift Analysis (EMSA) of NF-kB Activity: Macrophages (1ϫ10 7 cells) were treated with 2 mM of CpG-ODN or non-CpG-ODN for 60 min. Nuclear extracts were prepared as described previously. 11) Oligonucleotide probes containing an NF-kB site (5Ј-GATCCAAGGGGA-CTTTCCATGGATCCAAGGGGACTTTCCATG-3Ј and 3Ј-GTTCCCCTGAAAGGTACCTAGGTTCCCCTGAAAG-GTACCTAG-5Ј) obtained from Life Technologies Inc (MD, U.S.A.) were end labeled using T4-polynucleotide kinase and [g-32 P]-ATP according to the manufacture's protocol. 32 P-Labeled probes (40000-100000 cpm) were mixed with nuclear extracts (20 mg as protein) in a final volume of 10 ml, containing 10 mM Tris, pH 7.9, 100 mM NaCl 1 mM DTT, 1 mM EDTA, 4% glycerol, 80 mg/ml sonicated salmon sperm DNA and then incubated at room temperature for 20 min. The reaction mixtures were loaded onto native 5% polyacrylamide gels, and electrophoresed using Tris-borate-EDTA running buffer (50 mM Tris, 45 mM boric acid, 0.5 mM EDTA, pH 8.0). Gels were dried and autoradiographed.
RESULTS AND DISCUSSION
It is now clear that CpG-ODN is a potent immunostimulatory agent, and expected as adjuvant and vaccine. [12] [13] [14] However, the molecular mechanism responsible for the immunostimulatory effects of CpG-ODN is not yet fully understood. Recently, Yi et al. 9, 10) reported that the activation of murine B cells and macrophages by CpG-ODN was linked to ROS generation, and IL-6 secretion was suppressed by addition of ROS scavenger. Although ROS is considered as a intracellular second messenger following CpG-ODN stimulation, the source of ROS generation is not yet clear. In this paper, we investigated the source of ROS generation by measurement of IL-12 secretion by mouse peritoneal macrophages following CpG-ODN stimulation.
Induction of IL-12 Secretion IL-12 secretion by macrophages after CpG-ODN stimulation was measured by ELISA. As shown in Fig. 1A , IL-12 secretion increased rapidly and reached a plateau at 9 h after addition of CpG-ODN. IL-12 secretion by CpG-ODN was dose-dependent and saturation was observed at 1 mM (Fig. 1B) . No increase in IL-12 secretion was observed when macrophages were stimulated with non-CpG-ODN.
ROS Generation In recent years, ROS has been recognized as important mediators for transcriptional activation of gene expression in response to diverse stimuli. 8) In IL-12 gene expression in macrophages, NF-kB acts as a transcription factor. During the activation of NF-kB, the redox state within the cell has been shown to be important and the contribution of ROS was suggested. 8, 15, 16) Thus, the effects of the ROS scavenger N-acetyl-cysteine (NAC) on IL-12 secretion by macrophages stimulated with CpG-ODN were investigated. As shown in Fig. 2A , IL-12 secretion was inhibited by NAC in a dose-dependent manner, and complete inhibition was observed at 12 mM NAC. Furthermore, the effect of a-(4-pyridyl-1-oxide)-N-tetra-butyl-nitorone (POBN) examine. POBN is an effective spin trapping agent by reacting with and stabilizing free radical species. Scavenging ROS with spin trapping agent caused the inhibition of NF-kB activation.
17) IL-12 secretion was also inhibited by POBN (Fig.  2B) . Thus, ROS production is important in the secretion of The catabolism of purine nucleotides, metabolism of fatty acids, and many other biological reactions can produce ROS. 18) To determine the source of ROS generation from macrophages following stimulation with CpG-ODN, the effects of several inhibitors of NADPH oxidase and cyclooxygenase on IL-12 secretion were examined. As shown in Fig.  3 , IL-12 secretion was suppressed by NADPH-oxidase inhibitors, apocynin and diphenylene iodium (DPI), in a dosedependent manner. Furthermore, macrophage viability after treatment with these inhibitors was estimated by MTT assay (Wako Pure Chemicals, Osaka, Japan), and no changes in viability were observed (data not shown). On the other hand, no inhibitory affects of allopurinol (an inhibitor of xanthine oxidase) were observed. These findings suggested that ROS generated by NADPH-oxidase is involved in IL-12 secretion by macrophages stimulated with CpG-ODN.
Krieg et al. 2) reported that CPG-ODN covalently linked to a solid support showed no stimulatory effect. In addition, fluorescein isothiocyanate-labeled CpG-ODN and non-CpG-ODN showed similar surface binding, uptake, and intracellular trafficking, suggesting that CpG-ODN is recognized and taken up in a nonspecific manner. In addition, acidic vesicles in the endosomal compartment are required for the immunostimulatory activity of CpG-ODN. 10, 19) In contrast, Liang and Lipsky 20) found that Sepharose beads coated with CpG-ODN, but not non-CpG-ODN, induced B cell proliferation similar to that seen with soluble CpG-ODN, suggesting specific surface receptor(s). Furthermore, Henmi et al. 21) reported recently that the cellular response to CpG-ODN is mediated by Toll-like receptor (TLR)-9 and TLR-9 deficient mice did not show any response to CpG-ODN. Consequently, B A CpG-ODN may activate NADPH-oxidase through TLR-9, and generate ROS that acts as a second messenger for IL-12 production from macrophages.
Effects of NADPH-Oxidase Inhibitor on NF-k kB Activation IL-12 is a heterodimeric protein composed of 40 kD (p40) and 35 kD (p35) chain subunits. Although p35 expression is constitutive, p40 expression is induced on stimulation. 22) Ma et al. 23) reported that NF-kB acts as a transcription factor in IL-12 gene expression in macrophages. Furthermore, CpG-ODN-induced ROS was shown to be linked to the activation of NF-kB, which induces leukocyte gene transcription and cytokine secretion. 10) In unstimulated macrophages, NF-kB is present in the cytoplasm in an inactive form, complexed with NF-kB inhibitor protein I-kB. Upon stimulation, I-kB is phosphorylated on specific serine residues, and degraded in a ubiquitin-dependent process. Then, the activated NF-kB is translocated into the nucleus, binds to the kB-site on DNA, and upregulates specific gene expression. Therefore, we first investigated the degradation of I-kBa following CpG-ODN stimulation using Western blotting analysis. On addition of CpG-ODN (2 mM) as well as LPS (10 mg/ml, positive control), the band intensity of I-kBa protein decreased (Fig. 4A) . On the other hand, faint or no band of I-kBa was observed when macrophages were pretreated with NAC or apocynin, an inhibitor of NADPH-oxidase. These results indicated that ROS scavengers and NADPH-oxidase inhibitor do not interfere with the degradation of I-kB in macrophages stimulated with CpG-ODN.
DNA binding activity of NF-kB in the nucleus of macrophages was examined by EMSA using 32 P-labeled NFkB-specific oligonucleotides. NF-kB activation was observed when macrophages were treated with CpG-ODN. However, NAC or apocynin treatment did not alter NF-kB translocation into the nucleus or DNA binding in macrophages stimulated with CpG-ODN, and NF-kB gel shift mobility was the same as that of those treated with CpG-ODN only (Fig. 4B) . Consequently, the inhibition of IL-12 secretion from macrophages treated with NAC or apocynin did not result from the inhibition of DNA binding of transcription factor NF-kB. These results suggested that NF-kB does not function as the predominant transcription factor in IL-12 secretion following CpG-ODN stimulation in macrophages.
Recently, Carter et al. 24) and Hippenstiel et al. 25) reported that the p38 MAP kinase regulates NF-kB-dependent gene transcription by modulating the binding activity of TATAbinding protein (TBP), a basal transcriptional factor, to the TATA box, and the phosphorylation of TBP by p38 MAP kinase is required for the binding of TBP to the TATA box. In addition to NF-kB, the transcription factors interferon regulatory factor-1 and interferon consensus sequence-binding protein are required for IL-12 gene expression. 26, 27) Thus, ROS generated by NADPH-oxidase following CpG-ODN stimulation may contribute to the activation of these transcription factors.
Weiner recently reported that CpG-ODN can enhance innate immunity against a variety of infections, synergize with monoclonal antibodies to enhance antibody-dependent cellular cytotoxicity, and alter the Th1/Th2 balance as a possible treatment for allergic disease and asthma in preclinical studies. 7) The details regarding the mechanism of macrophage activation are required for the clinical use of CpG-ODN. In this study, we showed that IL-12 secretion from macrophages stimulated by CpG-ODN was regulated by the intracellular redox state, and that NADPH-oxidase functions as a key in ROS generation. Studies are now underway to clarify how CpG-ODN activates NADPH-oxidase in macrophages. In I-kBa, macrophages (2ϫ10 6 cells) were treated with CpG-ODN (2 mM) in the presence of NAC (12 mM) or apocynin (500 mM) for 15 min. Cell lysates were analyzed by Western blotting using anti-mouse I-kBa antibody. In NF-kB activation, macrophages (1ϫ10 7 cells) were treated with CpG-ODN (2 mM) in the presence of NAC (12 mM) or apocynin (500 mM) for 60 min. The nuclear proteins were extracted and electromobility shift analysis of these proteins was performed using 32 P-labeled oligonucleotide probe containing the NF-kB site.
